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Introduction 
I n  a proposal t o  t h e  National Aeronautics and Space Administration, 
dated October 1961, M.S. Blois and H.H. Pa t tee  of t he  Biophysics Labora- 
tory,  Stanford University, outlined a se r i e s  of experimental s tudies  i n  
the  f i e l d  of molecular evolution. I n  par t icu lar ,  these s tudies  contem- 
plated the  next l e v e l  of molecular complexity, beyond t h e  Mil ler  experi- 
ment, and included an evaluation of t h e  p o s s i b i l i t y  of t he  spontaneous 
o r ig in  of  ca t a ly t i c  a c t i v i t y .  
One of the  cen t r a l  questions we asked concerned the  poss ib i l i t y  of 
f inding any general ru l e s  governing t h e  behavior of heterogeneous chemical 
systems acted upon by a continuous energy source. It was ,  and remains, 
our view t h a t  t h e  f i e l d  of molecular evolution is  more i n  need of prin- 
c ip l e s  having predict ive value i n  such systems, than i n  the  demonstration 
t h a t  any given molecular species can a r i s e  under assumed primeval condi- 
t ions.  
The theo re t i ca l  and experimental work conducted under t h i s  grant has 
l e d  t o  a number of r e s u l t s  which have been published. 
below. 
c lus ive  or which l ed  t o  negative resu l t s ,  a r e  described below very b r i e f l y .  
One doctoral  d i s se r t a t ion  which resulted from t h i s  program accompanies 
t h i s  report  (Kenyon, 1964). 
These a r e  l i s t e d  
Other experimental t r ials of general i n t e re s t ,  which were incon- 
In  addi t ion t o  the  pr incipal  invest igators ,  other  individuals who 
par t ic ipa ted  i n  t h i s  program were Dr. D.H. Kenyon, Mrs. Lina Taskovich, 
and D r .  A.N. Tsvetikov. 
Results of Experimental Studies 
The experimental work conducted under t h i s  grant has resul ted i n  the  
following publications or papers: 
(1) "x-electron Photochemistry of DL-phenylalanine i n  Oxygen Satu- 
rated-and Oxygen Free Solutions", D.H. Kenyon and M.S. Blois,  
Photochemistry and Photobiology ( i n  press) .  
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(2) "Random Polymers a s  a Matrix f o r  Chemical Evolution", M.S. Blois, 
i n  The Origin of Prebiological Systems, S . Fox, ed., Academic 
Press, New York, 1965, p 19. 
"The Optical  and Photochemical Propert ies  of Melanins", 
M.S. Blois and D.H. Kenyon, Paper given a t  the  Internat ional  
Congress of Photobiology, Oxford, 1964. 
(3) 
(4) "Photochemistry of DL-Phenylalanine", Dean H.  Kenyon R . D .  
Dissertation, Stanford University, B .L. Report No. 124, 1964. 
"Experimental Approaches t o  the  Origin of Li fe  Problem", (5) 
H.H. Pattee,  i n  Advances i n  Enzymology, V o l .  27, F.F. Nord, ed., 
Interscience, New York, 1965, p 381 (attached as Appendix I) 
( 6 )  "A Note on Chemical and Hereditary Evolution", H.H. Pattee,  
Paper E8, 9th Annual Biophysical Society Meeting, San Fran- 
cisco, Feb. 24-26, 1965 (Abstract) .  (attached as  Appendix 11) 
I n  addi t ion t o  these papers, t he  expected number of negative results 
and experimental d i f f i c u l t i e s  ensued. These w i l l  be c i t ed  here  f o r  
' completeness. 
a )  Mil ler  type experiments 
1) A number of runs were made i n  t h e  usual Miller type apparatus, 
s t a r t i n g  with m i x t u r e s  of CH4, H20, and NH 
exci ta t ion  by an a rc  the  solut ions were yellowish, opalescent, 
and i n  a system having a volume of 4-5 l i t e r s ,  about a ha l f  
gram of so l id s  were obtained. 
t h i s  mater ia l  showed a strong and increasing absorption below 
3200 A. 
After  a week's 
3' 
The W absorption spectroscopy of 
2) A run s t a r t i n g  with ethanol, NR40H, and H 0 (using i ron  a rc  
electrodes t o  provide an Fe source) - t h e  soluble portion showed 
W peaks a t  2940 and 2100 A which disappeared when t h e  solut ion 
was brought t o  pH 10 with ammonia, and which sh i f t ed  t o  s l i g h t l y  
longer wavelength a t  strongly acid pH. 
A number of runs were made s t a r t i n g  with ethanol, NH40H, and 
H 0, yielding i n  each instance a yellowish, opalescent solut ion.  
2 
3) 
2 
L 
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The co l lo ida l  mater ia l  responsible f o r  t he  opalescence was shown 
t o  give the  same I . R .  spectrum as  an  authentic sample of s i l i c a ,  
and confirms Mi l le r ' s  e a r l i e r  report .  The solut ion was shown t o  
contain double bonds (by Bayer's reagent), and formic and ace t ic  
acids.  
4) I n  order t o  evaluate the  poss ib i l i t i e s  of dimerization i n  the  
gas phase, mixtures of n-pentane and 2-Me pentane were i r rad ia ted  
with 165 kv x-rays t o  a t o t a l  dose of 50,000 rads i n  sealed 
ampules. Subsequent gas chromatographic analysis  showed the 
presence of both Cll and C12 chains but no evidence of C 
I n  attempting t o  l ea rn  some of  the  general propert ies  of organic 
systems under continuous excitation, aqueous mixtures of formic 
acid, glycine, and alanine (products of a Mil ler  experiment) 
were deoxygenated and sealed i n  ampules and i r rad ia ted  with Co 
gamma rays. After  various t o t a l  doses of radiat ion,  t he  osmolar- 
i t y  of the  solut ions were measured with a Fiske osmometer. If 
there  had been a strong tendency of t he  system t o  form l a rge r  
molecular weight compounds the  f i n a l  osmotic pressure would f a l l ;  
i f  rad io lys i s  were dominant t he  osmotic pressure would r i s e .  
chains. 10 
5)  
60 
The following r e s u l t s  were obtained: 
X-ray dose 
0 
4 2 x 10 rads 
4 I1 5 x 10 
1 105 11 
5 11 
6 i t  
6 11 
7 11 
5 x 10 
1 x 10 
2.2 x 10 . 
1 .5  x 10 
Osmotic pressure 
0.327 
0 323 
0.332 (0.329) 
0.323 (0.331) 
0.321 
0.319 
0.315 
0.280 (0.277) 
The f igures  i n  parenthesis r e f e r  t o  ampules which 
had been opened, and then measured a few hours l a t e r  
t o  provide f o r  gaseous products (such as  H 
t o  escape from t h e  solut ion.  
o r  CO,) 2 
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The general fa l l  i n  osmolarity with r ad ia t ion  dose would be 
consis tent  e i t h e r  with t h e  formation of molecules of l a r g e r  
molecular weights, or the production of gaseous products which 
escaped during t h e  very sho r t  i n t e rva l s  between opening t h e  
ampules and measuring t h e  osmotic pressure. However, t h e  
r ad ia t ion  chemistry of formic acid shows t h e  ove ra l l  react ion:  
HCOOH -, H2 + C02 
s o  t h a t  f o r  each molecule of formic ac id  which underwent 
rad io lys i s ,  one molecule of H was formed (which probably 
would be l o s t  from t h e  solut ion f o r  s o l u b i l i t y  reasons) and 
one molecule of CO w a s  formed, and probably retained i n  
so lu t ion .  
zero under these  conditions. The r ad ia t ion  products of glycine 
and a lan ine  are known and do not include such v o l a t i l e  compounds. 
We concluded therefore  t h a t  t h e  f a l l  i n  osmotic pressure probably 
implied an increase i n  t h e  weight average molecular weight of t h e  
system under these  anaerobic conditions. 
2 
2 
The ove ra l l  change i n  number of molecules would be 
The experiment was  re-run under similar conditions, except f o r  
a three-fold increase i n  so lu te  concentration, and s imi l a r  
r e s u l t s  were obtained. 
osmolarity a t  a dose of about 10 rads and then  a decline i n  
8 osmolarity with doses up t o  10 rads.  
There appears t o  be an a c t u a l  r ise i n  
5 
A similar decrease i n  osmolarity was noted with an aqueous 
so lu t ion  of glycine, i r r ad ia t ed  with 2537 A , i n  t h e  presence 
of 02. Here t h e  production of gas would not be expected, and 
t h e  f a l l  i n  osmolarity is assumed t o  r e f l e c t  an increase i n  t h e  
w e i g h t  average M.W. 
The next phase of work included t h e  study of s p e c t r a l  absorbance 
changes produced i n  organic systems when i r r ad ia t ed  with mono- 
chromatic u l t r a v i o l e t  l i g h t .  This work has been described 
s e r i a l l y  i n  e a r l i e r  progress repor t s  and more completely i n  t h e  
accompanying publ icat ions.  
6 )  
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7 )  Since random polymers of the melanin type are thought t o  have 
been produced -- perhaps as t h e  e a r l i e s t  abiogenic macro- 
molecules -- under primeval ea r th  conditions, these  systems 
were examined f o r  ca t a ly t i c  a c t i v i t y .  The general approach was 
t o  use melanin-like polymers synthesized i n  t h e  presence of 
small amounts of t r a c e  metals -- ord ina r i ly  Fe ion  -- and tes t  
these  with simple substrates  f o r  oxidase a c t i v i t y .  Tracer 
techniques and chromotography were employed, and while c l e a r  
evidence of oxidative a c t i v i t y  was found i n  several systems, 
t h e  r o l e  of contaminating microorganisms could not be convinc- 
ingly excluded. The use of s t r ingent  s t e r i l i z a t i o n  methods such 
as autoclaving inh ib i ted  t h e  a c t i v i t y  observed, but whether it 
did s o  by eliminating microorganisms or by modifying t h e  polymer, 
i s  not known. This s e r i e s  of experiments has not yet  l e d  t o  any 
d e f i n i t e  conclusions. 
Theories of Molecular Evolution 
Dr. Pa t t ee ' s  i n t e r e s t  i n  molecular evolution has centered a t  t h e  
minimum level of complexity a t  which heredi ta ry  cont ro l  of react ions 
could have begun; t h a t  is, a t  t h e  s tage where some form of molecular 
memory e x i s t s .  
which d i f f e r  l i t t l e  i n  energy but which have s ign i f i can t  ac t iva t ion  
barriers f o r  t r a n s i t i o n s  from one s ta te  t o  another. These conditions 
a r e  f u l f i l l e d  by l i n e a r  copolymers which may be l i n e a r l y  ordered a s  w e l l  
a s  ordered i n  t h r e e  dimensions. 
Memory i n  t h i s  sense means a set of metastable s t a t e s  
A considerable amount of review and study of polymer c r y s t a l s  and 
t a c t i c  polymerization processes has  been necessary because of t h e  recent  
rap id  advances i n  these  f i e l d s .  
l i n e a r  sequence cont ro l  are t h e  e s sen t i a l  operations which m u s t  be accom- 
plished i n  l i v i n g  systems, and it i s  of g rea t  significance t h a t  these  
operations can now be demonstrated i n  a wide va r i e ty  of simple nonbiolog- 
i c a l  polymers (1-6). 
Both precise  conformation cont ro l  and 
A review of current  experimental approaches t o  t h e  o r ig in  of l i f e  
including a compilation of abiogenic syntheses was a l so  made and w i l l  be 
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published shor t ly  i n  Advances i n  Enzymology, Vol. 27, F.F. Nord, ed., 
Interscience, New York, 1965. 
report  (Appendix I). 
A copy of t h e  proof accompanies t h i s  
The experimental approach which Dr. P a t t e e ' s  group is  studying is 
a t  t h e  copolymer l e v e l  of molecular organization. 
t h e  many abiogenic synthesis  experiments summarized i n  Table I, p 382- 
386, i n  t h e  above a r t i c l e ,  it i s  reasonable t o  assume t h e  existence of 
copolyamino acids, copolynucleotides and o ther  polymeric material, a t  
l e a s t  i n  d i l u t e  solut ion,  i n  t h e  primitive oceans. The v a r i e t y  of 
organic material produced by non-specific energy sources on t h e  s ter i le  
ea r th  has been shown t o  be enormous. 
se lec t ion ,  concentration, or segregation of such a d i l u t e  heterogeneous 
m i x t u r e  i n t o  more ordered aggregations which may possess self-organizing 
proper t ies .  The inorganic minerals of t h e  ea r th  have undergone t h i s  
segregation process by precipi ta t ion,  c rys t a l l i za t ion ,  sedimentation, 
and by many o ther  physical or chemical processes, and the re  is  every 
reason t o  be l ieve  t h a t  t h e  organic material i n  a s te r i le  ocean would 
a l s o  undergo se l ec t ive  processes. 
From t h e  evidence of 
The next problem, then, is t h e  
For example, one of t h e  most e f f i c i e n t  processes f o r  concentration 
of surface ac t ive  mater ia l  i s  by surface film formation or foaming 
(7, 8). 
duction and co l l ec t ion  mechanism f o r  such surface ac t ive  mater ia l .  
Copolyamino ac ids  and l i p i d s  a r e  of course s t rongly  surface ac t ive  and 
would be concentrated by t h i s  process. 
recent ly  demonstrated t h a t  t he  foaming process i s  an e s s e n t i a l  s t e p  of 
t h e  ecocycle of zooplankton and many l a r g e r  marine organisms. Experi- 
ments have been s t a r t e d  t o  determine if  synthe t ic  copolyamino acids, such 
as m i g h t  have been formed abiogenically, can be f rac t iona ted  and concen- 
t r a t e d  by foaming. 
The wind and waves near  t h e  seashore provide a continuous pro- 
Riley ( 9 )  and others  have 
A second se l ec t ive  process which may have been common on t h e  s ter i le  
seashore would occur a t  t h e  other phase boundary between t h e  s o l i d  sur- 
faces  of sand and c lay  minerals on t h e  beach. This i s  a very complex 
region involving many cyc l ic  processes such as waves, t i des ,  d iurna l  W 
and v i s i b l e  i r r ad ia t ion ,  and seasonal changes, a s  well  as the  many types 
- 6 -  
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of minerals and s t a t e s  of aggregation of sands and clays,  which may 
s t rongly a f fec t  reactions and separation phenomena (10, 11). 
No experiments on simulated s t e r i l e  primitive seashores have yet  
been done with the  idea of studying the  organic polymer chemistry i n  
such systems. Our preliminary studies have been attempts t o  understand 
the  e s sen t i a l  types of se lec t ion  processes, photochemical, physical  and 
surface act ivated,  which might be studied i n  a su i t ab le  geophysically 
r e a l i s t i c  experiment of t h i s  type.  While it is  apparent t h a t  the  condi- 
t i ons  on a primitive seashore four b i l l i o n  years ago a re  uncertain, there  
i s  no strong evidence f o r  great  discont inui t ies  i n  t h e  general  behavior 
of seashore processes (12). 
t h a t  concentration and segregation of heteropolymers would occur, along 
with photochemical reactions which would serve as  s t rong se l ec t ive  forces 
i n  determining the  organic polymeric organizations on the  pr imit ive 
ear th .  For t h i s  reason, we consider simulated s t e r i l e  seashore experi- 
ments of comparable importance t o  the  abiogenic syntheses which generate 
grea t  chemical var ie ty .  
On the other  hand, t he re  is good evidence 
As a complementary approach t o  experiments with l i n e a r  copolymers, 
t he re  is  the  fundamental question of how such s t r i n g s  of subunits can 
serve a s  a heredi tary control  and gradually accumulate heredi tary informa- 
t i o n  by se lec t ion  processes. Although t a c t i c  copolymerization m u s t  be 
t r e a t e d  as  a heredi tary process, there  is no good model of how ordered 
sequences come t o  evolve grea te r  and grea te r  complexity i n  a r e l a t i v e l y  
disordered environment. "his problem may be s t a t ed  a s  follows: what is  
t h e  simplest s e t  of monomer uni ts  and polymer in te rac t ions  which w i l l  
accumulate l i n e a r  order i n  copolymers by heredi tary se lec t ion?  This is  
t h e  general problem of the  self-organizing system applied spec i f i ca l ly  t o  
l i n e a r  chains. 
these  l i nes ,  but the  r e s u l t s  a re  suggestive and s t imulat ing.  We a re  
present ly  considering simulation programs of string-processing automata 
o r  l i n e a r  sequence generators which possess the  property of accumulating 
l i n e a r  order by random search and se lec t ion  processes. 
t o  reduce t h i s  process t o  i ts  most elementary log ica l  form and t o  f ind  
t h e  c loses t  chemical representation of t h i s  general s t ruc tu re  (16). 
Only a few suggestions have been made (13, 14, 15) along 
We have attempted 
- 7 -  
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San Francisco,  Februnry, 1965 
A NOTE ON CKEMICAL AND HEREDITARY EXOLUTION. H. H.  Pattee,  Biophysics 
Laboratory, Stanford University, Stanford, Cal i fornia .  
When mixtures of simple molecules supplied with an energy source r eac t  
t o  form increasingly complex s t ruc tures  and in te rac t ions ,  t h e r e  is gener- 
a l l y  no corresponding increase i n  heredi ta ry  information o r  homeostatic 
control.  
accumulation and propagation of heredi ta ry  control.  
t r o l  i n  l i v i n g  systems is s tored and t ransmit ted by l i n e a r  sequences of 
copolymers, a theory of  t h e  or ig in  of l i v i n g  systems should consider 
(a) the  most elementary s e t  of operations i n  l i n e a r  copolymer systems 
which delay and propagate heredi tary order, 
in te rac t ions  which may se lec t ive ly  accumulate heredi ta ry  order, and 
measures of f i t n e s s  at  t h i s  primitive leve l ,  which w i l l  determine the  se- 
quence of ea r ly  evolutionary s teps .  A s e t  of simple t a c t i c  copolymeriza- 
t i o n  and polymer c rys t a l l i za t ion  processes i s  proposed as one reasonable 
chemical system capable of heredi tary propagation. 
feedback in te rac t ions  within and between copolymers and with t h e  environ- 
ment are considered as se lec t ive  forces  insofar  as they a f f e c t  the  heredi- 
t a r y  infomation.  Two a l t e rna t ive  hypotheses are considered: The first 
s ign i f i can t  heredi ta ry  process i n  t h e  o r ig in  of l i f e  was 
r ep l i ca t ion  of s ing le  l i n e a r  copolymers followed by b l ind  trials and natu- 
ral se l ec t ion  of coupled homeostatic control  systems; o r  (11) homeostatic 
cont ro l  of heredi tary copolymer propagation causing increasing i so l a t ion  
of  t he  heredi tary sequences from environmental control,  gradual ly  leading 
t o  se l f - r ep l i ca t ion  of  t o t a l  systems. Possible approaches f o r  experimen- 
t a l l y  t e s t i n g  these a l te rna t ives  are 13Ugge13ted. 
Grant NBG 218-62 j . 
Growth of  chemical complexity i n  itself does not account f o r  
Since heredi ta ry  con- 
(b) t he  types of feedback . 
(c )  
Direct and delayed 
(I) template 
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